S
INCE the choroid plexus was first described by Herophilus 3~ (c. 335-280 B.C.), much interest has been generated regarding its structure and function. The choroid plexuses of various mammalian species have been examined by both light and electron microscopy. 7,9-12,~9,2~176 Numerous histological observations of human choroid plexus have been published; 9 however, to the best of the authors' knowledge, a definitive fine structural study of the human choroid plexus has never been reported.
The purpose of this paper is to describe the fine structure of the choroid plexus of humans ranging from 6 to 75 years of age.
Materials and Methods
Human choroid plexuses were obtained at craniotomy from the lateral ventricles of patients 6, 13, 23, 43, 47, 65, and 75 years of age. Removal was incidental to hemispherectomy or tumor resection. Each choroid plexus specimen was divided into three portions. One piece was fixed in 5% glutaraldehyde-0.067 M cacodylate (pH 7.4; 4~ for 3 hours; rinsed overnight in 0.2 M cacodylate-7.5% sucrose 3~ (pH 7.4; 4~ postfixed in 1% phosphate-buffered osmium tetroxide 21 (pH 7.4; 4~ for 1 hour; dehydrated through graded alcohols; and embedded in Epon 812. 18 Another piece was fixed in 1% phosphate-buffered osmium tetroxide (pH 7.4; 4~ for 1 hour, dehydrated through graded alcohols, and embedded in Epon 812. The third piece was immersed in a formalin-acetic acid-alcohol solution and embedded in paraffin for light microscopy.
Epon-embedded tissue was cut on a Porter-Blum MT-1 ultramicrotome with glass knives. Sections 0.5 ~ thick were mounted on glass microscope slides, stained with toluidine blue, :~" and examined by light microscopy. Ultrathin sections were mounted on plain copper grids, stained with uranyl acetate and/or lead citrate, 2' and examined in a Philips EM 200 electron microscope.
For light microscopy, sections 2 and 6 l~ thick were prepared from the paraffin-em-bedded tissue, mounted on glass slides, and stained with hematoxylin and eosin, benzidine (for peroxidase), periodic acid-Schiff (PAS), and Heidenhain's connective tissue stain.
Results

Microscopic Structure (Light Microscopy)
The human choroid plexus is known to consist of a single layer of cuboidal epithelium which surrounds a core of small vessels and connective tissue. Nuclei of the epithelial cells are centrally located and rounded in cross section. Intracytoplasmic inclusions were noted in some choroidal epithelial cells. The inclusions were seen only rarely in choroid plexuses from younger humans, but in older humans they were found in virtually every epithelial cell and often were larger than the nuclei; they were only seen in the Epon-embedded specimens stained with toluidine blue. Staining with hematoxylin and eosin, PAS, Heidenhain's, and benzidine revealed no inclusions although there were large non-staining intracytoplasmic areas of comparable size and location. With age there was a progressive flattening of the choroidal epithelium and an increase in connective tissue elements, focal calcifications, and psammoma bodies.
Fine Structure (Electron Microscopy)
The human choroid plexus is composed of many villi, each of which consists of a capillary loop completely invested by a single layer of cuboidal epithelial cells. A region of interposed connective tissue elements is located between the basement membrane of the epithelium and the capillary basement membrane (Fig. 1) . In sections from the apical portion* of the choroid plexus there are capillaries surrounded by a sparse array of connective tissue elements, while arterioles, venules, and numerous connective tissue elements predominate at the base.
Choroidal epithelial cells are cuboidal with an apical microvillous border. Desmosomes at the ventricular surface join one ep-* The apical portion of the choroid plexus is the region farthest from the point of attachment of the choroid plexus to the ventricular floor (basal portion). . In cross section the cilia have two pairs of centrally located filaments with nine pairs of filaments arranged around the periphery, which conforms to the previous descriptions of ciliary fine structure in various vertebrates? 5 An intact plasma membrane, infolded in the basal and lateral regions of the cell, is present around each choroidal epithelial cell. The basal plasma membrane of the choroidal epithelium is juxtaposed to the basement membrane, a homogenous, mildly osmiophilic structure (Fig. 5) gated between the pores of the nuclear envelope. A maximum of two nucleoli is present per nucleus. Mitochondria are scattered throughout the cytoplasm of the choroidal epithelial cells. In most sections a Golgi apparatus is present in a paranuclear position, and polyribosomes are dispersed in the cytoplasm. Rough endoplasmic reticulum in parallel array is noted predominantly in the apical region of the epithelial cytoplasm (Figs. 1, 4 , and 6).
Rounded intracytoplasmic inclusions were with three age groups. Inclusions consisting of one to 10 rounded membrane-bound subunits were classified as "Type 1" (Fig. 7 le/t) ;
this type was mainly seen in choroid plexuses from young humans. An inclusion composed of 10 to 30 membrane-bound subunits was classified as "Type 2" (Fig. 7 right) ; these predominated in middle-aged humans. Thirty to 60 membrane-bound subunits formed the largest inclusion, "Type 3" (Fig.  8) ; which was characteristic of humans of advanced age. Although each type of inclusion was found most commonly in one general age group, the entire spectrum of inclusions was noted in all of the specimens examined. The number of choroidal epithelial cells containing inclusions increased with age, but could not be correlated absolutely or specifically with an age group. In advanced age, filament formation was noted circumjacent to all inclusions regardless of type (Figs. 9 and 10). Two morphological types of epithelial cells, termed "dark" and "light," were present in all specimens of human choroid plexus (Fig. 6) . Dark choroidal epithelial cells had a nucleus and cytoplasm uniformly more dense than the nucleus and cytoplasm of the light choroidal epithelial cells; however, both dark and light epithelial cells had mitochon- dria with equal matrix densities. An apparent increase in the concentration of densely osmiophilic droplets was noted in the cytoplasm of the dark choroidal epithelial cells. An interstitium, comprised of pial cells and collagen fibrils, was located between the epithelium and vascular core of the choroidal villus. The pial cells had long cytoplasmic processes that extended throughout the interstitium. There were more collagen fibrils in the basal region of the choroid plexus than in the apical region.
In the apical portions of the human choroid plexus, a central capillary was present in every villus. Each capillary consisted of attenuated endothelium, which usually possessed fenestrations. The endothelium was completely invested by a basement membrane. Capillaries were large, ranging from 3 to 8 erythrocytes in diameter. Near the base of the choroid plexus, arterioles were noted in occasional association with an unmyelinated nerve fiber.
Discussion
Recently the embryology, structure, function, and pathology of the choroid plexus has been reviewed by Dohrmann2 In general the fine structure of the human choroid plexus conformed to that described in other mammals.9-r-', ~9,2o, ~.~, ~o Willis 39 On a morphological basis, the human choroid plexus should be capable of active fluid transport (attenuated, fenestrated capillaries), water transport (infolded basal and lateral plasma membranes), absorption and secretion (microvilli), high metabolic activity (mitochondrial concentration), and transport of high molecular weight substances (pinocytotic vesicles).
Intracytoplasmic inclusions, found in human choroidal epithelium, do not stain with hematoxylin and eosin, benzidine, PAS, or Heidenhain's. Non-staining areas within the epithelial cytoplasm, corresponding in size and location to the inclusions visualized in Epon-embedded specimens, are probably the result of inclusion dissolution by solvents used in preparation of the tissue for paraffinembedding.
Osmicated Epon-embedded material, stained with toluidine blue, demonstrates the intracytoplasmic inclusions quite well. Because the inclusions react with osmium tetroxide and are dissolved in non-polar solvents, they are presumably lipoid in nature. Previous histological studies 1,~,',1',3~,' describe inclusions, which stained for lipid, within the choroidal epithelial cells of humans.
In the present study, intracytoplasmic inclusions have been classified into three types on the basis of morphological complexity (number of membrane-bound subunits). These were roughly correlated with age groups of the patients. Although all types were found in most human choroid plexuses, Type 1 (least subunits) predominated in the young, Type 2 in middle age, and Type 3 (most subunits) in advanced age. Dunn and Kernohan 1' also demonstrated an increase in the number of inclusions in older human choroidal epithelium.
An exact sequence of events in inclusion formation cannot be derived from our observations. 
